Introduction
Chlorinated organic compounds are widely used in synthetic chemistry and are prominent environmental contaminants as many of them are biorecalcitrant. Several physicochemical methods have been proposed for their degradation [1] [2] [3] [4] [5] [6] . Among them, the catalytic reduction of chlorinated compounds has been the subject of numerous investigations because of its high importance both for synthetic chemistry and environment [6] [7] [8] [9] [10] [11] . Transition metal complexes such as Co(I) complexes have been identified as effective catalysts for this porphyrins, and cobalamin have shown good catalytic activity toward reduction of alkyl bromide and chlorine [24] [25] [26] , ethylenes [27] [28] [29] , and arenes [30] [31] [32] . Two different general mechanisms have been proposed for the catalysis depending on the ligand L, the halogenated compound and the electrolyte. These schemes differ by the nature of electron transfer step that involved the formation of the intermediate radical R
. (outer-sphere) or an oxidative addition (inner-sphere) (Scheme 1) [18, 27, [33] [34] [35] .
Concerning the possible uses for an environmental purpose, some of these complexes have been reported to keep their catalytic activity in aqueous media, which is a requirement for such application [12, 24, 32, 36] . Among the possible catalysts, polypyridyl complexes of cobalt are promising candidates as they display good catalytic activity for indirect electroreduction of allyl chloride in aqueous medium [15, 37, 38] . However, the number of bipyridyl units coordinated to the metal strongly affects the catalytic behavior of the Co(I)
polypyridyl complexes, such effect depending on the medium, electrolyte, substrates,… It was previously established that the catalytic behavior of Co(bpy)3 2+ toward the reduction of allyl chloride in acetonitrile involves the reduction of Co(II) to Co(I) followed by a rapid decomposition into Co(bpy)2 + (Scheme 2), the ligand dissociation step (Eq. 2) being the ratedetermining step and the Co(bpy)2 + being the active catalytic species [39, 40] .
This conclusion was supported by the observation of a higher catalytic efficiency with Co(bpy)2 + than with Co(bpy)3 + . More recently, it was reported that CoBr2 in the presence of a single equivalent of 2,2'-bipyridine or pyridine exhibits a high catalytic activity toward the reduction of aromatic halides [41, 42] . In an aqueous solution containing a surfactant, the reduced tris-complex was stabilized in the micelle and a mild kinetic enhancement was reported in the catalytic reduction of allyl halides by the Co(bpy)3 + complex. However, the exact nature of the active catalyst remains difficult to establish as little is known about the activity of the corresponding Co(bpy)2 + complex in such aqueous conditions.
In this context, we have considered the catalytic activity toward dechlorination reaction of a new polypyridyl complex that contains only two bipyridyl units:
[Co(bpy(CH2OH)2)2] 2+ where bpy(CH2OH)2 is 4,4'-Bis (hydroxymethyl)-2,2'-bipyridine. In view of potential environmental applications, its catalytic behavior was investigated in aqueous medium by cyclic voltammetry toward the reduction of several different common chlorinated pesticides. In complement to the cyclic voltammetry investigations, bulk electrolysis were also performed to precise the dependence of the catalytic efficiency on the structure of the chlorinated compound. The considered pesticides: alachlor 1, metazachlor 2, metolachlor 3, 2,4-D 4 and the dechlorinated form of alachlor 5, are shown in Scheme 3. 
Experimental section

Chemicals
Alachlor (2-chloro-N-(2,6-diethylphenyl)-N-(methoxymethyl)acetamide), metazachlor (2- chloro-N-(2,6-dimethylphenyl)-N-(1H-pyrazol-1-ylmethyl)acetamide), metolachlor (2-chloro- N-(2-ethyl-6-methylphenyl)-N-(1-methoxypropan-2-yl)acetamide), [2,2'-bipyridine]-4,4'- dicarboxylic
Synthetic procedures
The following procedure for the preparation of [2,2'-bipyridine]-4,4'-diyldimethanol 8 was modified from literature conditions [43] .
Synthesis of diethyl [2,2'-bipyridine]-4,4'-dicarboxylate 7.
[2,2'-bipyridine]-4,4'-dicarboxylic acid 6 (500 mg, 2 mmol) was added to absolute ethanol (40 mL). Concentrated sulfuric acid (95%) (0.5 mL) was added to the suspension and the mixture was refluxed for 4 days. The solution was cooled to room temperature, distilled water was added (40 mL) and ethanol was then evaporated. The pH was adjusted to 7 using a 5% sodium hydroxide solution. 
Dechlorination conditions.
The dechlorination reaction was performed in a home-made flow cell [44] . To ensure a good homogeneity of the potential distribution in the three dimensional working electrode, the felt was located between two interconnected DSA counter-electrodes (dimentionally stable 
Analytical procedures
Electrochemical measurements. Voltammetric experiments were carried out using a Before HPLC analysis of alachlor and 2,4-D, the pH of the electrolyzed solutions should be raised at 2.
Ultra-pressure liquid chromatography-MS/MS.
The devices used are detailed in a previous work [4] . The analytes were separated by a Waters Acquity UPLC system (Waters corporation, Milford, MA, USA), consisting of an Acquity UPLC binary solvent manager, an Acquity UPLC sample manager and an Acquity UPLC column heater equipped with a Waters Acquity UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 μm particle size) thermostated at 45 Ion chromatography. The concentration of chloride ions (diluted five times) before and after electrolysis were determined by DIONEX DX120 ion chromatography equipped with a conductivity detector and a DIONEX AS19 (4 × 250 mm) ion-exclusion column.
Potassium hydroxide was used as eluant and the flow rate was 1 mL min -1 . The detection was carried out by conductivity with a Self Regenerating Suppressor (SRS).
Results and discussion
Synthesis and cyclic voltammetry analyses
The The redox behavior of the complex was first examined in aqueous medium in the presence of a surfactant to stabilize the [Co(bpy(CH2OH)2)2] + intermediate [37] . As seen in The redox behavior of the chlorinated pesticides, alachlor, metolachlor and metazachlor was examined in the same conditions. A broad and irreversible wave at a negative potential (around -1.4 V/SCE) close to the solvent discharge was visible as highlighted in Figure 2 .
Based on the general reactivity of halogenated alkyl-compounds, these different electrochemical peaks could be ascribed to the global 2-electron reduction of the C-Cl bond leading to the corresponding dehalogenated form (Eq. 3) [49] .
The , while the reverse anodic peak decreased (Fig. 3) .
The observed modifications (increase of the current and decrease of the reversibility at the level of the reduction) are indicative of a catalytic activity by the Co I complex toward the reduction of the chloroacetanilide herbicides.
Similar experiments were performed with an aromatic chlorine pesticide, 2,4-D (4) (Scheme 3). In the presence of 2,4-D, the cathodic wave of the Co II/I system was enhanced while the anodic wave was totally suppressed (data not shown). Since direct reduction of 2,4-D has been previously observed around -1.5 VSCE and attributed to a one-electron reduction of carboxylic acid into carboxylate anion [50] , it is difficult to conclude from these sole experiments on the catalytic activity of the Co I complex toward the dechlorination of 2,4-D.
Exhaustive electrolysis
To confirm the cyclic voltammetry analyses, the cathodic reduction of alachlor (3. Figure 4 , displayed for the most efficient substrate to catalyst ratio 3, as discussed below. A blank has been carried out in the same conditions for comparison. Direct reduction of alachlor occurred at -1.65 V/MSE, leading to a degradation of alachlor of 27% (Table 1) with formation of deschloroalachlor 5 in 25%.
As seen in Figure 4 , deschloroalachlor 5, which exact structure has been confirmed by UPLC/MS/MS (see Supporting Information), is the only observed product during the electrochemical catalysis and its formation followed the degradation of alachlor with a final yield of 85%, underlining the selectivity and the efficiency of the reduction process.
Additionally, the final concentration of chloride ions was measured by ion chromatography (Table 1) at the end of the electrolyses and confirmed a total dechlorination of alachlor for a substrate/catalyst ratio of 3. Concerning the faradic yield, a current efficiency of 55% was estimated from the charge passed during the electrolysis and considering a 2-electron reduction process and a total dechlorination. This value could probably be improved by an optimization of the cell. For comparison, a direct electrolysis without catalyst was also 
Mechanistic study
The reduction of chlorinated compounds has been previously reported as an outer-sphere or an inner-sphere mechanism depending on the substrate and media [18, 27, 33, 34] . To get some insights about the mechanism occurring in aqueous media with the studied chlorinated pesticides, the possibility of an outer-sphere mechanism was considered to realize if this class of complexes plays a more chemical role than to be a simple charge transfer mediator and thus how the structure of the complex is an important point in the efficiency of the catalysis. In a first series of simulation, the first reduction step was taken as the rate-determining step, all other steps being considered as fast (k2>>k1, Fig. 7a ). Within this simplification, it was not possible to get a proper fit between the simulated voltammograms and the experimental data (Fig. 7a) , where the disappearance of the anodic wave already coincides with the increase of the cathodic peak current (for example, the reversibility character is almost lost for a 8 × 10 -3 mol L -1 concentration of alachlor, see Fig. 7a ).
In a second set of simulations (Fig. 7b) , the second reduction step, which is normally faster in outer-sphere mechanisms as the neutral radical is generally easier to reduce than the starting RX [54] , was considered as a slow step. Only very low values of k2 (< 50 mol -1 L s -1 i.e. k2<< k1) allow maintaining the presence of the anodic wave of the Co complex as the cathodic peak increases upon addition of alachlor. Under these conditions, the simulated voltammograms display a reasonable agreement with the experimental ones ( 
